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Switching the Model: Minireview
A Concerted Mechanism for
GTPases in Protein Targeting
Jonathan S. Millman and David W. Andrews receptor (SRP receptor) composed of two GTPases
(SRa and SRb) results in the transfer of the nascentDepartment of Biochemistry
polypeptide to the translocon, the hydrolysis of GTP,McMaster University
and the recycling of SRP and SRP receptor (reviewedHamilton, Ontario L8N 3Z5
by Walter and Johnson, 1994). SRb has been demon-Canada
strated to anchor the peripheral membrane protein SRa
to the ER, but a specific role for its GTPase activity has
not been found (Young et al., 1995). Thus a role for the
A wide variety of cellular processes are regulated by SRb GTPase domain was not included in either of the
GTPases. The molecular switch model has provided models in Figure 1.
such an elegant theory for this regulation that it has The targeting of nascent secretory polypeptides to
come to encompass these processes in virtually all fami- the endoplasmic reticulum has been modeled as two
lies of GTPases (Bourne et al., 1991). One of these fami- intersecting conventional GTPase cycles (Figure 1A).
lies comprises the GTPases that regulate protein tar- The two GTPases essential to targeting are SRP54 and
geting by signal recognition particle (SRP) and SRP SRa. Cycle 1 begins with SRP54 binding to the ribosome
receptor as well as the bacterial homologs Ffh and FtsY. nascent chain complex promoting the exchange of
A paper in this issue of Cell by Rapiejko and Gilmore bound GDP for GTP. In cycle 2 the GTP-bound form of
(1997) presents the results of a detailed biochemical SRa binds SRP-ribosome nascent chain complexes at
analysis of the functions of the GTPases of SRP and SRP the endoplasmic reticulum membrane. The two cycles
receptor. These data, taken together with biochemical intersect elegantly as the GTP-bound SRP and SRP
analysis of Ffh and FtsY and with recent structural stud- receptor not only bind directly to one another but also
ies that revealed a novel, stable, empty conformation of function as reciprocal GAPs (Powers and Walter, 1995).
the GTPase domains of Ffh and FtsY, suggest a mecha- Hydrolysis of GTP results in release of the nascent se-
nism for the regulation of protein targeting that is quite cretory protein to the translocon. The GDP-bound forms
divergent from the molecular switch model. Here we of SRa and SRP54 dissociate and are recycled. The
recent observation that binding of SRP54 to the ribo-review these new data, highlighting some of the features
some increased the affinity of SRP54 for GTP 10-fold,that distinguish GTPase regulation of protein targeting
suggested that the ribosome functions as a GNRP infrom the molecular switch model. We suggest that the
the targeting reaction (Bacher et al., 1996). Althoughmechanism that regulates protein targetingmay be more
there is no specific evidence for a GNRP in cycle 2, itappropriately viewed as a concerted switch. As this
can be reasonably argued that a translocon componentname implies, the interactions of the components in
such as Sec61 may provide that function (Figure 1).the system converge to mediate targeting, rather than
Data from Bacher et al. (1996) demonstrating a modesttargeting proceeding via the sequence of steps inherent
increase in GTP binding by SRa in the presence of puri-to the molecular switch model.
fied Sec61 is at least consistent with GNRP activity.The Molecular Switch Model
The Concerted Switch ModelBy definition, all GTPases bind and hydrolyze GTP and
In this issue of Cell, Rapiejko and Gilmore (1997) providethus can exist in any one of three states: GTP-bound,
compelling evidence that the roles of the GTPases re-GDP-bound, and empty. In the molecular switch model,
sponsible for mediating targeting of the nascent chainbinding of GTP is proposed to provoke a conformational
ribosome complex to the endoplasmic reticulum mem-change in the GTPase that enables it to regulate any
brane are more dissimilar from the molecular switchone of a number of cellular processes. Hydrolysis of
model than previously recognized. To examine theGTP to GDP turns this ªactive stateº off. The empty state
mechanism of targeting in detail, Rapiejko and Gilmore
of the GTPase is generally considered a transient interme-
have taken advantage of the known mutation of Asp to
diate in the exchange of GDP for GTP. Both the rate of
Asn that alters the binding specificity of SRa such that
hydrolysis of GTP and the release of GDP are usually XTP replaces GTP as the preferred substrate. SRa mu-
slow. Regulation of these steps by GTPase activating tants were incorporated functionally into microsomes
proteins (GAPs) and guanine nucleotide release proteins using an established assay (Andrews et al., 1989). Using
(GNRPs) adds an additional level of regulation to the different combinations of XTP, GTP, and nonhydrolyz-
system (Bourne et al., 1991). Because the hydrolysis of able analogs of the two molecules, it was possible to
GTP is effectively irreversible, the cycle is unidirectional. examine the role of SRP54 and SRa individually during
The cotranslational targeting of nascent secretory a functional targeting reaction. GTP binding to both mol-
proteins to the membrane begins with the emergence ecules was shown to be reversible, and the nucleotide-
from the ribosome of a nascent polypeptide containing binding status of SRP54 and SRa remained unfixed until
a secretory signal sequence. The signal sequence is the SRP±ribosome±nascent chain complex interacted
bound by SRP54, the GTPase of SRP. SRP binding to with the SRP receptor. These results are inconsistent
the ribosome±nascent chain complex leads to a slowing with the sequential steps of the molecular switch model
of translation and maintains the nascent polypeptide where stable binding of GTP is a prerequisite for this
in a translocation-competent state until delivery to the interaction. Furthermore, GTP hydrolysis was not re-
translocation apparatus (translocon) in the endoplasmic quired for either stable dockingof the ribosome±nascent
chain complex or signal sequence transfer to thereticulum membrane. Binding of SRP to a heterodimeric
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Figure 1. Models for GTPase-Mediated Reg-
ulation of SRP-Dependent Protein Targeting
to the Endoplasmic Reticulum
(A) The molecular switch model purports two
intersecting GTPase cycles (magenta arrows)
involved in SRP-mediated protein targeting.
In cycle 1, signal sequence binding by SRP
leads to activation of SRP54 by exchange of
GDP for GTP due to the GNRP activity of
the ribosome. The GTP-bound form of SRP54
then targets the ribosome±nascent chain
complex to the endoplasmic reticulum by
binding to the SRP receptor. Interaction with
the GTP-bound form of the SRa subunit of
SRP receptor releases the nascent chain, ini-
tiates translocation, and leads to GTP hydro-
lysis by SRP54 due to the SRP54-GAP activity
of SRa. Dissociation of SRP54-GDP com-
pletes cycle 1. Similarly, in cycle 2, interaction
of SRP receptor with the primary translocon
component Sec61 leads to exchange of GDP
for GTP on SRa due to the GNRP activity of
Sec61. When the GTP-bound form of SRa
binds the GTP-bound form of SRP54, SRP54
provides the GAP activity for cycle 2 and GTP
hydrolysis provides a mechanism for kinetic
proofreading. The GDP-bound forms of
SRP54 and SRa dissociate and recycle.
(B) A concerted switch model for SRP-medi-
ated targeting. Stable targeting of the ribo-
some±nascent chain complex to the translo-
con requires the concerted interaction of SRa
with SRP54 and two molecules of GTP. The
off-rate for the complex is so low that, once
formed, transfer of the ribosome±nascent
chain complex to the translocon is inevitable.
Fidelity is obtained by shifting the binding
equilibria for GTP of SRP54 and SRa. Binding
of SRP54 to the ribosome increases the affin-
ity of SRP54 for GTP but is not required for SRP54 binding to SRa. Similarly, binding of SRP54 to SRa increases the affinity of SRa for GTP.
Simultaneous binding of SRP54, SRa, and two molecules of GTP results in a conformational change that prevents dissociation of the complex
and transfers the ribosome nascent chain to a docking site on the endoplasmic reticulum. Subsequent hydrolysis of GTP dissociates SRa
from SRP54 and restores the original conformations of the GTPases, which are primarily in the GTP-bound state due to the low affinity for
GDP and the relatively high concentration of GTP in the cytoplasm.
GTP, green triangle; SRP54, red; SRP receptor, blue. The other polypeptides known to comprise SRP and the translocon are omitted for
clarity.
translocon, but was necessary for dissociation of SRP54 GTPases that locks the molecules together and docks
the ribosome±nascent chain complex. Because the dis-and SRa. Taken together with the data of Bacher et al.
(1996) demonstrating an increase in the affinity of SRP54 sociation of GTP-bound SRP54 from GTP-bound SRa
isnegligible (Rapiejko and Gilmore report ,50% dissoci-for GTP upon binding to the ribosome, these data can
be modeled as a concerted switch as shown in Figure ation after 6 hr in vitro), the process is now unidirection-
ally committed to docking, hydrolysis of GTP, and disso-1B. In this model, binding of SRP54 to the ribosome
shifts the equilibrium of GTP binding by SRP54 toward ciation of SRP from SRa. Thus, hydrolysis does not
function as a timer for kinetic proofreading.the bound state. Since the concentration of GTP in the
cytoplasm is approximately 0.5 mM and the affinity of In a concerted mechanism, the steps that lead to
docking of the ribosome nascent chain complex suchribosome-bound SRP54 for GTP is roughly 0.4 mM, ribo-
some-bound SRP54 is primarily but not exclusively in as binding of SRP to SRa or the increase in affinity of
the GTPases for GTP do not have to occur in a specificthe GTP-bound form. Likewise, binding of SRa to Sec61
(the primary component of the translocon) increases the order, nor do all of the interactions necessarily have to
occur. For example, the Sec61-dependent increase inaffinity of SRa for GTP (Bacher et al., 1996). Unlike the
molecular switch model, here the SRP54±ribosome na- the affinity of SRa for GTP may not be required for
docking of the ribosome±nascent chain complex. Con-scent chain complex can bind to either the GTP-bound
or empty states of SRa. Thus, each individual targeting sistent with this notion, recent evidence suggests that,
if all of the translocons in the endoplasmic reticulum arestep shifts the equilibria to favor GTP binding, but it is
the concerted action of SRP54, SRa, and two molecules occupied, then SRP-dependent docking of the ribo-
some±nascent chain complex can occur at a site moreof GTP that produces the conformational change in both
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distal to Sec61 on the endoplasmic reticulum membrane Fidelity without Proofreading
(Murphy et al., 1997). In the concerted mechanism, GTP In the molecular switch mechanism, high fidelity interac-
hydrolysis is not necessary for unidirectional targeting tions can be obtained by kinetic proofreading. For proof-
of the nascent secretory protein to the translocon, as reading to occur, the reaction must be at steady state,
translocation of at least the amino terminus of the na- the reaction mechanism must be branched and energy
scent secretory protein precedes GTP hydrolysis (Ra- consumed (Yarmus, 1992). In the concerted switch
piejko and Gilmore, 1994). Instead, GTP hydrolysis pro- mechanism, energy is consumed only to reset theswitch
vides the energy required to dissociate SRP from SRa after the targeting event has occurred and a branch
and returns the GTPases to their original conformations. point is not essential. This leaves the problem that if
These forms are stable and, because they have low kinetic proofreading is not occurring, how can a high
affinity for GDP, the equilibrium between empty and fidelity of targeting be mediated? Normally, the effect of
GTP-bound states is restored without a GNRP. accumulation of precursors on first order rate constants
Structure of GTPases prevents sequential reactions from contributing cumula-
The recently determined crystal structures for the GTP- tively to fidelity (Yarmus, 1992). However, if precursors
binding domains of Ffh and FtsY provide additional in- do not accumulate, then a series of low fidelity reactions
sight into a possible mechanistic basis for the concerted can impart high fidelity to the targeting reaction. In SRP-
switch model (Freymann et al., 1997; Montoya et al.,
mediated targeting, precursors do not accumulate be-
1997). Both structures are comprised of a G domain that
cause SRP slows rather than arrests translation (Wolin
is very similar in overall architecture to Ras and EF-Tu
and Walter, 1989). Thus, nascent secreted proteins that
and an additional region (the N region) unique to the
are not targeted during a certain window of time (thatSRP class of GTPases. The structures of the G domains
is increased by SRP binding to the signal peptide) areof these proteins demonstrate how, unlike the GTPases
synthesized in the cytoplasm and degraded. In the con-of the molecular switch model, a stable, nucleotide-free
certed switch mechanism, the reactions are not neces-state can be maintained. This open state is partially
sarily sequential. Moreover, four separate increases instabilized by a network of interactions between the ac-
affinity each independently contribute to increasing thetive site residues occurring in the absence of bound
fidelity of targeting: the affinity of SRP54 for GTP isnucleotide (Freymann et al., 1997). A sequence referred
increased 10-fold when SRP54 is bound to a ribosome±to as the I box, found only in this family of GTPases, is
nascent chain complex synthesizing a secreted proteinalso proposed to have a role in maintaining this open
(Bacher et al.,1996); the affinity of SRa for GTP increasesstructure. The I box is located in a position analogous
10-fold when it binds SRP54 (Rapiejko and Gilmore,to the effector loop in Ras related GTPases and thus is
1997); the affinity of SRa for GTP is increased by interac-a good candidate for interaction with a regulatory pro-
tein. An unspecified interaction with the I region has tion with Sec61 (Bacher et al., 1996); and the off-rate
been proposed to lead to the nucleotide binding fold for SRP54 decreases when SRa binds GTP (Rapiejko
adopting a GTP-binding competent state (Montoya et and Gilmore, 1997). Thus, the individual equilibria that
al., 1997). Modeling of Ras and EF-Tu into the G domain contribute to the concerted switch are shifted toward
of a low resolution structure for the complete SRP54 translocation by recognition of a nascent secretory pro-
suggests that the I box is located near the area of low tein by SRP54, the recruitment of a translocon by SRP
density that separates the signal sequence±binding M receptor, and by targeting of SRP to SRP receptor.
domain from the G domain of SRP54 (Czarnota et al., The concerted switch model proposed here suggests
1994). This low density region is the location where the a novel mechanism of GTPase action in the regulation
signal sequence was proposed to bind (Czarnota et al., of protein translocation. As the moleculardetails of other
1994), suggesting that the I box may be the location of, reactions regulated by GTPases are revealed, further
or may be altered by, binding the ribosome nascent surprises are undoubtedly in store.
chain complex, resulting in the observed increase in
affinity for GTP (Bacher et al., 1996).
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